A fiber confocal backscattering ͑FCBS͒ spectrometer is developed based on fiber confocal microscopy and light scattering theory. The FCBS spectrometer can provide imaging and spectral information simultaneously at the cellular scale. Normal stomach epithelial cell line GES-1 and cancerous cell line NCI-N87 are measured and their spectral results show that backscattering intensity from NCI-N87 cells is stronger than that from GES-1 cells in 500 to 800 nm, and the GES-1 cells scattering spectra show regular intensity changes, while the NCI-N87 cells do not. The experiments prove that the FCBS spectrometer is able to distinguish cancerous cells from normal stomach cells at the cellular level. The spectrometer could be further developed into a noninvasive optical technology for early cancer detection. The rapid development of new optical technology has provided much better tools for the study of living cells and for performing pathological diagnosis in vivo.
The rapid development of new optical technology has provided much better tools for the study of living cells and for performing pathological diagnosis in vivo. 1, 2 Elastic light scattering is one of the properties that can be used to investigate interaction between light and organic tissue. For example, the light scattering signals from a nucleated cell contain the size and morphological information. 3, 4 Understanding light scattering in living cells is crucial to many modern diagnostic technologies, such as optical coherent technology ͑OCT͒, 5 elastic scattering spectroscopy, 6 and confocal microscopy. 7 The size, refractive index of cells, and nuclei are closely related to intensity, angular distribution, and wavelength responses of light scattering. 8, 9 If it is possible to obtain optical backscattering signals from the cell or nuclei, then spectral analysis will be able to differentiate between cell sizes and their indices of refraction. Light scattering spectroscopy ͑LSS͒ 10 is a system that measures the scattering spectrum related to an angle to obtain quantitative information of cell morphology. Wu and Qu used the elastic scattering spectrum to study light scattering changes of uterine cancer cells treated with acetic acid. 11 Liu et al. reported an elastic backscattering spectroscopy technique that can obtain both the backscattering spectrum and microscopic image on one pixel simultaneously. 12 Fang et al. developed a new technique, namely confocal light absorption and scattering spectroscopic ͑CLASS͒ microscopy, which can observe in-vivo submicron cell structure. 13 CLASS microscopy been used to monitor organelles in live cells with no exogenous labels. 14 We describe a new technique called fiber confocal backscattering ͑FCBS͒ spectroscopy. It aims to measure single-cell backscattering spectra to study normal and cancerous cells.
The FCBS spectrometer can be used without biomarkers, because the information of cellular structure and components come from the backscattering light scattered by the subcellular organs. The performance of the system can be further improved by using small particles as biomarkers to distinguish different types of cell organelles that are of particular diagnostic interests. 15 The FCBS spectrometer has combined fiber confocal technology and light scattering spectroscopy ͑LSS͒. The backscattering light signal at the focal point is collected by the FCBS spectrometer, so the scattering light is just about single scattering light. Multiple scattering is obstructed by the confocal system of the FCBS spectrometer. Thus different cellular structures within the confocal volume of the living cell will exhibit different spectra obtained by the FCBS spectrometer.
A schematic illustration of the FCBS spectrometer is shown in Fig. 1 . The FCBS spectrometer contains a broadband light source with a special focusing system ͓B&W Tek Incorporated ͑Newark, Delaware͒, BPS120, 20 W͔, the light from which is coupled to a port of the multimode fiber coupler with a 1 ϫ 2 port and 50:50 splitting ratio, via the SMA-905 standard interface. The fiber with a diameter of 62.5 m and a NA of 0.22 works as a light source and point detector, in which the fiber coupler works as an optical splitter to separate the light of illumination and that of the signal. 16 Moreover, the fiber coupler port 3 replaces the confocal system pinhole as well. The light is coupled by port 3 to the optic probe, which is made up of an achromatic objective ͑NA= 0.25, 10ϫ͒ as the collimator and an achromatic objective ͑NA= 0. the optic probe and transmitted through port 2. The backscattering light is split by the coupler and then transmitted through the SMA-905 interface of port 2 to a charge-coupled device ͑CCD͒ spectrograph ͑B&W Tek, BRC112͒, with a spectral resolution of 4 nm. To ensure that the object in the field of view is a cell and not an impurity, the FCBS offers an observation function to help view and locate the cell. Illuminating light is given by the same transmitted light through the same optic probe.
GES-1 is a human normal gastric epithelial cell line, as shown in Fig. 2͑a͒ . NCI-N87 is a human gastric carcinoma cell line, as shown in Fig. 2͑b͒ ͑The Cell Bank of Type Culture Collection, Shanghai Institute of Cell Biology, Chinese Academy of Sciences͒. The two cell lines were cultured at 37°C, 5% CO 2 , and in RPMI-1640 medium ͓1640, GIBCO ͑Invitrogen, Carlsbad, California͒ 31800͔ containing 10% fetal bovine serum ͓FBS, HyClone ͑Thermo Scientific, Logan, Utah͒ SV30087.02͔. Both cell lines were cultured with low passage number ͑ Ͻ 10 5 cells/ ml͒ on a petric dish with a diameter of 35 mm. The cell lines were planted for about 12 h. When they were steady and adhered to the petric dish, after removing the culture medium, a single cell was measured in the petric dish to ensure that the signal obtained by FCBS spectroscopy was obtained from a single cell every time.
The lateral resolution of the FCBS spectrometer was cali- The axial resolution of the FCBS was measured by moving a mirror axially using the same stage. Light intensity was recorded at each step, so that the axial resolution can be calculated with 1 / e 2 of the peak light intensity as criteria. Before measurement, maximum intensity was obtained by adjusting the mirror manually, and then moving the mirror axially. When moving eight steps from the maximal intensity location, the light intensity changed by 1 / e 2 of the maximum intensity, corresponding to a distance that can be resolved of 10 m.
A silicon slice with reflectivity of 30% in both visual light and NIR was used as a standard reflector in the cell backscattering spectrum analysis. The cell backscattering spectra are illustrated in Figs. 3͑a͒ and 3͑b͒. Figures 3͑a͒ and 3͑b͒ show the backscattering spectra of GES-1 and NCI-N87, respectively. The vertical ordinate represents the backscattering intensity ratio of the cell backscattering spectrum to the reference silicon slice backscattering light. The wavelength coverage of the curve is from 450 to 1000 nm. Figure 3 indicates that the NCI-N87's spectra show greater scattering light intensity than the GES-1's, and from 800 to 1000 nm the GES-1's spectral curve has regular intensity changes, but these are not present in NCI-N87.
Statistical analysis ͑ANOVA in Excel, Microsoft͒ was performed to evaluate differences between the two different cell lines. 50 samples of GES-1 and NCI-N87 were studied, respectively; the results showed that there is a significant difference between the spectra of GES-1 and NCI-N87 ͑p Ͻ 0.01͒.
A light beam emerges from the objective ͑NA= 0.6͒ as a converging beam and focuses down onto a single cell located at the front focal plane of the objective: the scattering signal of the cell thus comes from an effective illumination volume with diameters of 5 m laterally and 10 m axially. The scattering spectral difference is based on the spatial variation of the concentration of intracellular solids, and that the variation results give rise to spatial fluctuations in the refractive index of the cell within the effective illumination volume. 17 From 450 to 800 nm, the NCI-N87's spectrum shows greater scattering light intensity than the GES-1's. This is just due to alterations in chromatin structure, resulting in increased heterogeneity of refractive index variations: the system collects more backscattering signals, which lead to increased light scattering intensity. Figure 3͑a͒ shows that the GES-1's spectral curve has regular intensity changes from 800 to 1000 nm wavelength range due to ordinary, regular cell internal structures. Normal nuclei have a characteristic spheroid Mie scatterer of a diameter 4 to 7 m. In the visible range, the spectral wavelength is smaller than the cellular nuclei diameter, so the Van de Hulst approximation can be used to describe optical scattering, that the scattering cross section of the nuclei exhibits a periodicity along that wavelength. 18 Although heterogeneities are present in the cellular structure, they are not significant enough to disrupt the peaks resulting from the cytoplasm and nuclear boundaries.
Comparing cancer cells with normal gastric cells ͑Fig. 2͒, it is obvious that cancer cells have larger nuclear-cytoplasmic ratios, nuclear enlargement, polycaryon, asymmetrical nuclear shape, increased DNA content, and so on. Accordingly, the dysplastic cells have larger mean nuclear index and broader variations in the range of nuclear index and broader spatial frequency range. The distinct fluctuating light intensity of dysplastic cells is not present. Figure 3͑b͒ shows that there is no regular intensity change in cancerous spectral curves. The changes during the development of cancer cells will correspond to characteristic alterations in light and cell interaction. To show how the cell morphological changes affect cell backscattering, Drezed, Dunn, and Richards-Kortum 19 analyzed normal and cancer cells with the mentioned light scattering characteristic property using a finite difference time domain ͑FDTD͒ method. Their theoretic prediction is that abnormal cells have higher backscattering light intensity than normal cells. In addition, there are no distinct interference peaks distributed in backscattering spectra from abnormal cells, although much fewer irregular structures in normal cells cause no breaks in the interference peaks between cytoplasm and cell borders. Therefore, our experiments by FCBS agree well with previous theoretical predictions in the spectral trend.
A cellular microspectrometer has been developed combining fiber-confocal microscopy with elastic backscattering spectroscopy. Experimentally, normal human gastric epithelial cells and human gastric carcinoma cells at logarithmic phase have been researched, and specific spectrum curves have been identified. The FCBS is a cofocal spectroscopic system, and it can achieve 3-D spectroscopic characteristics of tissue. Especially when comparing with the CLASS microscopy 13, 14 and partial wave spectroscopy ͑PWS͒, 17,20 the FCBS is able to enter internal body cavities via the work channel of an endoscopy, because we substitute fiber couplers for beamsplitters to separate illumination and signal light and interface of fibers for pinholes to realize cofocal construction, the FCBS system will be realized miniaturization. Although signals obtained by the FCBS and PWS were all recorded from microscopic volumes, the PWS utilized a slit to scan the amplified backscattering imaging of an object ͑ϳ120 m͒ in each scanning step x and results in a data cube ͑x , y , ͒ to obtain the nanoscale morphology of a cell by statistical analysis based on the mesoscopic light transport theory. It cannot obtain spectroscopic characteristics of tissue or cells in 3-D. If further work will not only distinguish the cancerous cell from the normal cell, but also detect histological unapparent cells, minimizing the size of the optical probe of FCBS spectroscopy, and studying the inversion algorithm of backscattered cell spectra will facilitate the acquisition of information about microscopic alterations of the cell architecture and subcellular components in vivo, then the FCBS spectrometer will realize highresolution, in vivo, early stage medical diagnosis.
